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ABSTRACT

This thesis presents data exploiting one of the
important chemico-bioclogical characteristics of the
transition metal 1ron: 1ts ability to exist 1n two
oxidation states. Manipulation of the reactivity of iron
by ligands has been reflected by the oxygen utilisation
or the the amount of ferrozine-detectable Fe?*.

Ligand-dependent cell associated 1ron has been
demonstrated by prussian blue staining and ferrozine-
detectable 1ron. Iron/8-hydroxyvgulinoline enters the cell
by diffusion, whereas i1ron dextran 1s endocytosed as 1s
evident from extensive vesicular staining.

The 1nvolvement of i1ron 1in the c¢ytotoxicity of H2 O:
has been examined (a) 1ndirectly by introduction of
reducing agents which restore thegytotoxicity of H202 at
4°C (an effect which 1s abolished by desferrioxamine) and
(b) directly by extracellularly added 1iron, which
enhances the cytotoxicity if the iron is internalised but

»

protects the cell 1if the 1ron remains extracellular.
Cytotoxicity has been estimated by plating efficiency
and by a modified tritiated thymidine incorporation assay
permitting a 24 hour delay before exposure to the label.
Direct free radical interaction with a ligand itself
1s exXemplified by the production of the nitroxide free
radical 1n desferrioxamine. This causes extensive damage
to yeast alcohol dehydrogenase but can be protected by

ascorbate, methionine and iron/EDTA but not iron dextran.



The findings lend further support for the suggestion
that free radical generation by the Fenton reaction
enhances the potential cytotoxic effect of H202 provided

the reactions occur at critical sites within the cell.



ACKNOWLEDGEMENTS

I would first 1like to express my gratitude ¢to

Professor R.L.Willson who gave me the opportunity to gain

experience 1n several fields of free radical research and
was supportive and encouraging throughout.

I am indebted to Professor P.A.Riley whose unfailing
enthusiasm and guildance helped to focus an 1nitially
difficult task towards an interesting and encouraging
project.

I wish to express my thanks to Dr.C.Bell whose
contribution and discussion helped <clarify some of the

complicated chemistry i1nvolved.

I am most grateful to the staff of the Department of
Chemical Pathology of University College/Middlesex School

of Medicine as well as the Free Radical Group of Brunel

who were consistently helpful and stimulating and enabled

me to undertake this work.

I thank all those friends whose lasting interest was

encouraging. .

Finally, I gratefully aknowledge the financial

support of Fisons Pharmaceuticals Plc.



CONTENTS Page no.

Abstract
Acknowledgements
Contents

List of tables

List of figures

List of Plates

List of Abbreviations

CHAPTER I: INTRODUCTION AND AIMS OF THESIS

.1 Iron in living organisms
.2 Iron Absorption

.3 Iron Proteins

.4 Iron mobilisation

.5 Non-protein-bound “i1ron-tansit pool’

= - ~ 2 =

.6 Iron deficiency and treatment

1.6.1 Iron Dextran

|._l

.7 Iron overload and treatment
1.8 Basic physical,chemical and biochemical
properties of 1ron
1.8.1 Autoxidation of Fe(II)
1.8.2 Hydrolysis of Fe(III)
1.9 Iron and free radicals
1.9.1 Fenton Reaction
1.9.2 Tissue damage .
1.9.3 Alternatives to the hydroxyl radical
1.9.4 Reactions ¢of i1ron with thiols
1.10 Hydrogen peroxide
1.10.1 Toxicity
1.10.2 Cytotoxicity
CHAPTER II: CHEMICAL STUDIES ON THE REACTIONS
OF IRON COMPLEXES AND HYDROGEN PEROXIDE
2.1 INTROCUCTION

2.1.1 Effects of ligands on the chemistry of 1ron
2.1.2 EDTA (ethylenediaminetetraacetic

acid)

11
13
16
17

20
20
20
22
23
25
26
28

30
31
33
34
34
35
38
39
40
40
42

45
45

477



2.

2

2

N I \O N\

2

.1.3 DTPA

(diethylenetriaminepentaacetic
acid)

.1.4 Heterocyclic nitrogen-type ligands

.1.5 Ferrioxamines

.1.6 Iron dextrans

2.1.6.1 Manufacture of i1ron dextrans

.1.7 Redox state of 1ron

MATERIALS AND METHODS

2

\O I \O TR A0 B\

2.

.2.1 Solutions of 1iron salts

.2.2 Solutions of ligands used for iron

.2.3 Preparation of i1ron complexes

.2.4 Iron Dextrans

.2.5 Buffer solutions
2.2.5.1 Phosphate buffered saline
2.2.5.2 Imidazole buffer

2.6 Hydrogen peroxide solutions

2.2.6.1 Hydrogen Peroxide Assay

RESULTS

2

2.3.2 Effects of ligands on the redox state of iron

.3.1 Partition coefficients

2.3.2.1 Measurement of O2 consumption by

lron complexes
2.3.2.2 Ferrozine-Fe(II) complex
2.3.2.3 Comparison of the

both assays

t

Comparison

Fe(II) by phenanthroline or ferrozine

2.3.2.5 Autoxidation of Fe/dextrans as measured

by ferrozine

2.3.2.6 Reduction of Fe/dextran by ascorbate
2.3.2.7 Effect of ascorbate on the rate of

autoxidation of Fe/EDTA
2.3.2.8 Effect of ascorbate and H2O0:
rate of Oz consumption

2.3.2.9 H202 concentration

oxlidation

on the

47
49
49
51
52
53
54
54
54
54
55
55
55
53
56
56
59
59
61

6 2
63

rates from

70

of uncomplexed and complexed

72

76
76

81

81
89



2.3.2.10 Half-11fe of H202 1n the presence

of iron complexes

2.4 DISCUSSION

CHAPTER III: LOCALISATION OF IRON IN CELLS AND
ITS EFFECT ON SURVIVAL

3.1 INTRODUCTION

3.2 MATERIALS AND METHODS

3.2.1 General cleaning procedure

3.

w w W w

N W LW W w W
RN NN DD

2

A I O N A B\

3
4

.5 Freezing
6

.2 Sterilising

Culture medium
Cell line

Autoradiography
3.2.6.1 Coating
3.2.6.2 Developing
3.2.6.3 Staining

.7 Trypsin

.8 Versene

.9 Details of subculture

.10 Doubling time

.11 Plating efficiency: colony formation

.12 Thymidine Incorporation Assay

3.2.12.1 Backround
3.2.12.2 Detection of label
3.2.12.3 Labelling of cells

3.2.13 Statistical tests

3.2.13.1 Student's T-test

3.2.13.2 Linear regression analysis

3.3 RESULTS

3.3.1 Quantitative estimation of cell-associated

1ron

3.3.2 Iron staining (Prussian Blue)

3.3.3 Staining for dextran

3.3.4 Effects of 1ron complexes on cell survival

3.3.4.1 3H-TAR incorporation
3.3.4.2 Plating efficiency

94
97

102
102
102
103
103
104
104
105
105
106
106
106
107
107
108
108
108
110
110
110
113
113
114
115

115
119
120
126
126
130



3.3.4.2.1 Effects of different
Fe/dextrans 130
3.4 DISCUSSION 133
CHAPTER IV: STUDIES WITH HYDROGEN PEROXIDE USING
MAMMALIAN CELLS
4.1 INTRODUCTION 135
4.2 MATERIALS AND METHODS 140
4.2.1 Reducing agents 140
4.2.1.1 Ascorbic acid 140
4.2.1.2 Lipoic acid . 140
4.2.2 Zinc salts 140
4.2.3 Cytotoxicity assays 141
4.2.3.1 Exposure of cells to H202 at
different tempertures 141
4.2.3.2 Modification of Hz202 cytotoxicity
by wvarious agents 142
4.3 RESULTS 143
4.3.1 Half-1ife of H202 1n the presence of cells 143
4.3.1.1 Addition of glucose 149
4.3.1.2 Effects of 3-amino-1,2,4-triazole
(3—ATZ) 152
4.3.1.3 Effects of penicillamine (PCA) 155
4.3.1.4 Effect of pH 158
4.3.1.5 Effect of boiled cells 158
4.3.1.6 Effect of temperature . lel
4.3.2 Cytotoxicty assays 161
4.3.2.1 Plating efficiency (P.E.) 164
4.3.2.2 3H-TAdR 1ncorporation 164
4.3.2.2.1 Passage number 164
4.3.2.2.2 Survival Index (S.I.) 166
4.3.2.3 Comparison of P.E. with S.I. 168
4.3.2.4 Effect of exposure to H20: on cell
viability studied by (S.I.) 171
4.3.2.5 Effects of addition of glucose 174
4.3.2.6 Effect of pre-incubation with 3-ATY 176
4.3.2.7 Effect of PCA 179




4.3.2.8 Effect of pH 181

4.3.2.9 Effects of temperature on the S.I. 185
4.3.2.9.1 Effects of ascorbic acid 185

4.3.2.9.2 Effects of lipoic acaid 189

4.3.2.9.3 Protection by desferral 189

4.3.2.10 Effects of zinc 192

4.3.3 Modification of H202-induced cytotoxicity 197
4.3.3.1 Effects of Fe/EDTA (P.E.) 197

4.3.3.2 Effects of Fe/dex (P.E.) 203

4.3.3.3 Effects of 1ron complexes on H:zO:
cytotoxicity (3H-TdR incorporation) 203

4.3.3.4 Simultaneous exposure to 1ron

complexes and H:z O 205
4.3.3.5 Pre-incubation with 1ron

complexes 205
4.3.3.5.1 Effect of 1ron dextran 209
4.3.3.5.2 Effect of Fe/ATP 211
4.3.3.5.3 Effect of Fe/8-HOQO 211
4.3.3.6 Effect of zinc aspartate 211

4.3.3.7 Effect of pre—-heating 1iron
dextran with ascorbate 216
4.4 DISCUSSION 220
4.4.1 Degradation of H202 by cells 220
4.4.2 Mechanism of H:02 —-induced cytotoxicity 224
4.4.3 Effects of iron complexes , 233

CHAPTER V: DIRECT INTERACTION OF FREE RADICALS WITH A
LIGAND AND THE EFFECT ON YEAST ALCOHOL DEHYDROGENASE (YADH)

5.1 INTRODUCTION 239
5.1.1 The structure and function of YADH 240
5.1.2 Radiation i1induced free radical generation 241

5.1.2.1 Formation of primary products from

water radiolysis 242

5.1.2.2 Reactions of primary products 243

5.1.2.3 Reactions of secondary radicals 246

5.2 MATERIAL AND METHODS 248
5.2.1 Gamma 1rradiation source 248



5.2.2 YADH assay

5.2.3 Irradiation of all solutes present

5.3 RESULTS

5.3.1 Inactivation of YADH by radiation

5.3.1.1 Reactions with superoxide (02 - )

and desferrioxamine (DFO)

5.3.1.2 Effect of thymine peroxy radical

on the activity of YADH

5.4 DISCUSSION |
CHAPTER VI: GENERAL DISCUSSION AND CONCLUSIONS

APPENDIX 1I:
APPENDIX I1:
APPENDIX II11:

APPENDIX IV:

APPENDIX V:
REFERENCES

Student's T-test

Linear regression analysis

Calculation of degradation rate (k)

of Hz20:

Calculation of total dose (D) in uM mins

Steady—-state radiolysis and dosimetry

10

248
248
253
253

253

260
266
273
280
281

284
285
286
289



11

LIST OF TABLES Page no.
2.1 Partition coefficients of 1ron complexes 60
2.2 Rates of autoxidation by 1ron complexes 73
2.3 Fe2t detection by phenanthroline or ferrozine 74
2.4 Fe2t* detection by phenanthroline or ferrozine

in Fe(IXI)/ADP (1:20 complex) 75
2.5 Detection of iron as Fe(II) 1n ascorbate-

reduced Fe/dex by phenanthroline or ferrozine 77
2.6 Variation of Fe(II) content in 1ron dextran

batches exposed to air for different times 78
2.7 H202 concentration remaining upon addition of

Fe/EDTA and/or ascorbate 91a
2.8 Examples of stability constants of some 1ron

complexes 99
3.1 Iron concentration 1n cells treated with

different 1ron complexes 117
3.2 Ferrozine—-detectable 1ron from cells treated

with 1ron dextran 118
3.3 Effect of ligands 1n the presence and absence

of FeSO4 on 3H-TdR incorporation 128
3.4 Survival of cells i1n the presence of iron

complexes 131
4.1 Half-1li1fe of H202 as a function of cell

density 147
4.2 Recovery of cells 24 hours after treatment

with Hz2 O2 151
4.3 Effect of D-glucose on recovery of cells 24

hours after exposure to H2O0: 154
4.4 Effect of pre—-treatment with 3-ATZ on recovery

of cells 24 hours after exposure to Hz20:2 157
4.5 Variation of thymidine incorporation with

passage number of CNCM I-221 cells 167
4.6 Effect of D-glucose on the cells exposed to

H2 Oz 177
4.7 Restoration of the cytotoxicity of Hz20:2 at

4°C by pre-incubation with L-ascorbate 187



4.8 Restoration of the cytotoxicity of Hz202 at
4°C by dehydroascorbate 188
4.9 Effect of pre-incubation with lipoic acid
on the absence of cytotoxicity at 4°C by H2O0: 190
4.10 Effect of desferrioxamine (DFO) on the
restoration of H202 -induced cytotoxicity
at 4°C by ascorbate 194
4.11 Effect of ZnHis on the % S.I. 1n the presence
of Hz2 O 196
4.12 Effect of ZnAsp on the % S.I. 1n the presence
of H2O: 199
4.13 Increased cytotoxicity of H202 1n the presence
of Fe/dex 204
4.14 Effects of 1ron complexes on the cytotoxicity
of H20z2z (100uM Fe, 500uM ligand) 207
4.15 Effect of pre—incubation with Fe/dex on
Hz O2 —1nduced cytotoxicity 210
4.16 Effect of batches of i1iron dextran on the
cytotoxicity of Hz20:2 211
4.17 Effect of pre—-incubation with Fe/ATP on the
Hz Oz —1nduced cytotoxicity 214
4.18 Effect of ZnAsp on the Fe/dex enhanced H: O:
cytotoxicity 217
4.19 Restoration of the toxicity of H20:2. by pre-
incubation with pre—-heated ascorbate and Fe/dex 219
4.20 Types of DNA damage caused by oxidative stress 227
5.1 Protection of YADH from the nitroxide radical
by ascorbate 261
5.2 YADH 1nactivation by DFO at the time of
irradiation 1n the presence or absence
of formate 262
5.3 Protection of YADH from the thymine peroxy
radical by Fe(III)/EDTA 264
5.4 The effect of DFO on YADH inactivation by the
thyhine peroxy radical; protection by
Fe(III)/EDTA 265

1<



LIST OF FIGURES

13

Page no.

2.1 Structure of EDTA 48
2.2 Structure of DTPA 48
2.3 Structures of some heterocyclic N-compounds

which bind 1ron 50
2.4 Calibration curve for KI oxidation by HzO: 58
2.5a,b Oxygen utilisation rate by FeS0O4 1n the

presence of ligands 63/64
2.6 Structure of ferrozine - 66
2.7 Calibration curve for ferrozine with FeSO4

in water 68

.8 Saturation curve for ferrozine with 100uM
FeS04 69
.9 Rate of oxidatiovn of Fe?* bound to different

ligands 71
.10 Measurement of Fe(II)/ferrozine from

Fe/dextran exposed to air for different times 79
.11 Rate of formation of Fe/ferrozine complex from

Fe/dextran in the presence of ascorbate 80
.12 Effect or pre-heating Fe/dextran with ascorbate

on the formation of the Fe/ferrozine complex 82
.13 Rate of Oz consumption i1in the presence of

FeCls /EDTA +/—- ascorbate * g3
.14 Rate of of 02 utilisation by FeCls complexes

in the presence of H202 and ascorbate 85
.15 Rate of Oz utilisation by FeSOs complexes

in the presence of H20: and ascorbate 86
.16 Rate of O2 consumption with increasing

concentration of Fe/EDTA 87
.17 Rate of 0Oz utilsation i1in the presence of H: 02,

ascorbate and Fe/dex 88
.18 pH profile of Fe/dex in the presence of H:0O:

and ascorbate 90
.19 Effect of changing the concentration of H:z O

or ascorbate on the rate of 02 utilisation 91



2.20

2.21

2.22

3.1

4.10
4.11
4.12

4.13

4.14

4.15

Effect of ascorbate concentration on the O:
utilisation

Effect of pH on the half-l1ife of Oz 1in the
ascorbate/H202 /FeCls /EDTA system

Rate of removal of H202 by Fe(II)/EDTA or
Fe(II)/ATP

Effect of 8-HQ on cell wviability 1n the
presence of Fe salts

Metabolic Integration of catabolism of H:z2O0:

glutathione peroxidase (GPx)

Decay of H202 1n the presence of cells

Rate of H:202 removal with varving cell number
Total dose of H202 as a function of cell number
Effect of glucose on the rate of H202 decay by

cells

Effect of pre—-incubation of cells with 3-ATZ

on Hz202 degradation

Effect of PCA on the degradation of H202 by
cells

Effect of pH on the rate of H202 degradation

by cells

Effect of boiled cells on the rate of H: O
removal ,

Rate of H202 remowval by cells at 37°C and 4°C
Survival of CNCM-221 cells exposed to H:z20:

Survival 1index (S.I.) as a function of H20:
concentration

Correlation of 3H-TdR 1ncorporation with
plating efficiency

¥ S.I. as a funtion of cell no. at wvarious

concentrations of Hz O

Regression plot % S.I. as a function of total

dos’e of Hz O

14

by

92

93

95

129

136

145

148

150

153

156

159

160

162

163
165

169

170

172

173



LSS - ST S~ e

TN -G S TS o

.16

.17
.18
.19
. 20
.21

.22
.23
.24
.25
. 26
.27
.28

.29

4.30

Regression line for S.I.

Of H2 02

Effect of 3-ATZ on the S.I.
Effect of PCA on the S.I.
Effect of altering pH on
Regression line for S.I.
Effect of temperature on

cells i1n the presence of

H2 O2

of cells
the S.I.
with at 37°C and 4°C
the S.I.

Dose-dependent protection by DFO

Effect of ZnHis on the .S.I.
Effect of ZnAsp on the S.I.

Effect of Fe(II)/EDTA and H:20:
Effect of Fe/dex and Hz O2

Effect of Fe/8-HQ on the S.I.

Relationship between the ratio of CPM to O.D.z2so
and cell density

Oxidation of ascorbic acid

on cell survival

on the S.1I.

with 1ncreasing dose

of cells

of cells

of 221-CNCM

of cells

of cells

of cells

of cells

Schematic diagram of the intracellular events

leading

to

the

restoration

cytotoxicity at 4°C.

of

H2 Oz —1nduced

Plan of the Brunel ®8°Co gamma radiation

facilaity

Protection of YADH by formate

Inactivation of YADH by DFO 1n the presence

of formate

Effect of dose of DFO on the 1nactivation

of YADH

Effect of amino acids on the inactivation

by the DFNO-

radical

175
178
180
182
184

185
195
198
200
202
213
215

225
229

231

249
255

256

258

259



LIST OF PLATES

Plates I to IV A show prussian blue staining of CNCM
I1-221 cells

PLATE I: Fe/8-hydroxyguinoline
PLATE II: Fe/dextran

PLATE III: "
PLATE IV A: '

PLATE IV B: FITC (fluorescent) dextran




LIST OF ABBREVIATIONS

ADP adenosine 5'diphosphate

ASC ascorbic acid

3-ATZ 3-amino-1,2,4-triazole

ATP adenosine 5'triphosphate

DHA dehyvdroascorbic acid

DFO desferroxamine

dex dextran

DTPA diethylenetriaminepentaacetic acid
DSB double strand breaks

E.F. enhancement factor

EDTA ethylenediamine tetracetic acid

FZ ferrozine ([3-(2-pyridyl)-5,6-bis(4-

phenyl-sulphonic acid)l,2,4-triazine

GPx glutathione peroxidase

8—-HOQ 8—-hydroxyquinoline

Im buffer Imidazole buffer

LPA lipoic acid

NAD nicotinamide adenine  dinucleotide

o,phen o,phenanthroline

P/C partition coefficient

PCA penicillamine (Bf—-mercaptoethanol)

PBS1 phosphate buffered saline for
incubation

P.E. plating efficiency

SsC MEM or MEM serum containing growth medium

S.I. survival 1index

17



SSB
s H-TdR
TCA

YADH

ZNASD

ZnHils

single strand breaks
[methyl-3H]-Thymidine
trichloroacetic acid

vyeast alcohol dehydrogenase

Z1inc aspartate

zinc histidine

18



CHAPTER I: INTRODUCTION

1.1 Iron in the living organismn

Both the abundance and the range of biochemical
reactions of iron i1n the 1living organism lead to 1its
indispensable role 1n life. To name only a few examples:
1t 1s 1nvolved 1in the transport of oxygen by haemoglobin
(Hb) and haemervyvthrin; in electron transfer reactions:; in
the synthesis of DNA (as an essential component of
ribonucleotide reductase); 1n the catalysis of oxidation
by oxygen and hydrogen peroxide etc. Its essentiality has

led to the conclusion by Neilands (1972) that "life, 1in

any form, wlthout iron, 1s in all 1likelihood
i1mpossible".

Total body 1ron, estimated on the basis of
individual fractions varies between 25-75mg/kg body

weight. An 80kg male has about 4g of iron and the iron
content for a 6bkg female 1s approximately 2.5g (Bothwell
& Finch, 1962). Most of the quantitativgly estimated iron
1s found 1n Hb, ferritin-haemosiderin gnd myoglobin, of
which Hb constitutes the largest fraction of body iron.
It accounts for between 60-80% of essential iron (Cook,
1970). Additionally, many other cellular processes are
1Yon dependent, generally because within the
physiological pH range appropriately coordinated iron
atoms can exist 1n either the ferric or ferrous form and
are threfore well suited for wuse 1n biochemical

reactions which involve electron transport (Wrigglesworth

19



& Baum, 1980).

1.2 Iron Absorption

Iron transport across 1ntestinal brush-boarder
membranes, the first step 1n 1ron absorption, has been
extensively studied. It 1is thought that specific cellular
membranes allow passage of 1ron across them and lipids
have been 1mplicated as a possible carrier 1n brush-
boarder membrane vesicles (Simpson & Peters,1987).

Most dietry 1ron is 1n the ferric state, but only
ferrous 1ron 1s absorbed from the gastrointestinal tract.
Some of the ferric iron 1s reduced to ferrous 1n the
presence of acid 1n the stomach, and absorption takes
place mainly from the duodenum and 3Jjejenumn. In the
mucosal cells of the small 1intestine ferrous iron 1s
converted to ferric for binding to transferrin. At any
time only about 30% of the 1ron binding sites available

on plasma transferrin are occupled (Sulliwvan,1985).

1.3 Iron proteins

Although 1ron 1s abundant within the earth's crust,
it 1s not always present 1n a form which can be easily
assimilated by living cells (Finch & Huebers,1982). Large
amounts of stored 1ron are required for the synthesis of
Hb and other proteins. However, 1t 1is difficult to

accumulate 1large amounts o©of i1ron 1n wvivo, Dbecause

hydrated ferric 1ons are converted to 1insoluble ferric

oxide at physiological pH (solubility product,Ks, for

L4

iron is approximately 38) (Biedermann & Schindler,1957).




Such precilipitates are potentially toxic to cells
(Harrison & Hoy,1973). For this reason virtually all
organisms have evolved specific iron-binding molecules
(Aisen & Listowski,1980).

Transferrin has been regarded as one 1f not the
most important transport plasma glycoproteain 1n
vertebrates and 1t also has a high affinity for 1ron. It
binds ferric 1iron firmly between imidazole and tyrosine

residues (Aasa et al.,1963). Transferrin normally

b —

circulates 1n a partially unsaturated form so that 1t can
mop up any free 1ron present 1in body fluids. The total
amount of transported 1ron 1s only about 3-4 mgs, 1e
about 1% of total body iron (Bernat,1983). Studies have
shown that c¢ells regulate their 1ron requirements by the

number of transferrin receptors on the cell (Iacopetta et

al.,1982).

In vitro , the release of iron from transferrin is

most readily achieved by 1lowering the pH to wvalues
between 5-5.5 1in the ©presence of appropriate Fe(III)
chelators and 1t has been reviewed that the physiological

consequences of the 1nclusion of transferrin within

acidic 1ntracellular vesicles results de facto 1in the

release of iron within the cell (Crichton & Charloteaux-
Waters,1987; Jin & Crichton,1987). The mechanism of
transfer of 1iron from transferrin to ferritin 1is still
contrOﬂersial, but 1t 1s generally agreed that the

process 1nvolves a change 1n oxidation state of the iron.

21




As apoferritin more readily assimilates Fe(II) 1n vivo

X "N o o B

than Fe(III), the iron released from transferrin within
the cells 1s Fe(III) and must therefore be reduced prior
to 1ncorporation into the storage protein (Hoy &
Harrison,1976; Treffy & Harrison,1979).

Iron 1s stored 1in the body as ferritin and
haemosiderin, which together represent the second largest
fraction of 1ron after Hb (Awai & Brown,1963). Storage
iron 1n these proteins wvaries 1n the adult male between
800mgs and 1.5g, but stores 1n women are much lower
(Bernat,1983). Ferritin 1s found 1in the cytoplasm in a
soluble form and 1n serum, but haemosiderin 1s present as
insoluble granules within secondary lysosomes. The ratio
between the two proteins differs according to the total
amount of 1ron stored within the c¢ell. At high iron

concentrations most of the iron is found 1n haemosiderin

(Drysdale et al.,1975).

1.4 Iron mobilisation

. e S ————

The mechanism of intracellular 1rqQn mobilisation 1is
uncertain. In normal human subjects some 40mgs tissue
iron 1S mobilised per day (Crichton,1984). It has
previously been suggested that an 1inverse 'transferrin
cycle' 1s operating to excrete 1ron (Dautry-Varsat et

al.,1983; Klausner et al.,1983), but recently experiments

have been carried out suggesting that the pathway
involves excretion of ferritin (with iron) into the blood

and transfer to apotransferrin (Jin & Crichton,1987). The




redox property of diron 1is also presumed to be of
significance in the mobilisation process. Increasing
evidence 1s pointing to the possibility that a reductive

step 1s 1nvolved (Rowely & Sweeny,1984: Funk et al.,1985)

S — el ————

and 1n vitro studies show that iron can be released from

ferritin by reducing agents such as ascorbate, GSH,
cysteine (Harrison,1964) and reduced flavins, which are

considered to be the most likely reducing agent in vivo

(Munro & Linder,1978). Further support for the
1nvolvement of reduced iron 1is provided by the finding
that under certailn circumstances iron can be released
from 1ron-binding proteins and then facilitate the
formation of hydroxyl radicals. This is shown by evidence
for the stimulation of peroxidation of 1liposomes by

ferritin (O'Connell et al.,1985) and peroxidation of

= ey iy A - A e Wil

liver and microsomal fractions (Koster & Slee,1986).

Increasing agreement 1s emerging that iron is mobilised

by xanthine oxi1idase (Biemond et al.,1984; Thomas et

al.,1l985;:; Bolam & Ulwvik,1987) and moreover that it 1is

o E— - ——

superoxlide which 1s responsible.

1.5 Non-protein-bound 'Iron-transit pool'

The intracellular 1i1ron pool 1is the focal point of
intracellular i1ron metabolism. Its interaction with
extracellular transferrin and similar transit pools in
other tilissues allows an equilibrium to be established not
only between the various metabolic processes in the cell

but also between different organs in the body (Carvill et




al.,1975). This non-haem, non-ferritin iron-transit pool
1s easlly chelatable by desferrioxamine (DFO). The nature
of the 21ron transit pool 1is unknown, except that it
appears to be a low molecular weight, 1loosely bound
complex of 1i1ron, or perhaps several such iron complexes.
Candidates that have been suggested to act as
transitional 1ligands 1include: ascorbate, ATP, citrate,
dlycine and lactose (Jacobs,1977). From experiments with
cultured Chang <c¢ells which were incubated with ([*°%Fe]-
transferrin about 70% of the 1ron was found 1n the

cytosol, but about 35% was dialisable non—-haem, non-

ferritin bound 1ron (White et al.,1976). Direct

estimation of the amount of iron in the cytosol by atomic
absorption spectroscopy showed about 20fg/cell. After
incubation of the cells for 7 days in a medium containing
170uyM 1ron, the iron content of the cells was 100fg/cell.
In 1969 Wills demonstrated the role of this potentially
reactive iron in lipid peroxidation and 1t 1is probably of
major 1importance 1in the toxicity found 1in overload
conditions (Wills,1969).

The remainder of the cellular iron consists of non-
haem metabolising active compounds with enzymatic
function. In mitochondria these account for far more iron
than do the cytochromes. A large proportion of these are
designated as metalloflavoproteins and 1include reduced

NAD, suyccilnate and a-glycerolphosphate dehydrogenase

(Bernat,1983).
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1.6 Iron deficiency and treatment

Iron deficiency 1s the most prevalent world wide
deficiency. In some countries 1t 1s almost universal and
1in different populations its incidence varies from 20-95%
(WHO Technical Report,1959). In certain parts of Africa
more than 50% of the population was found to be anaemic
and between 10-40% of the maternal mortality during
pregnancy and delivery 1n regions of India 1s
attributable to i1ron deficient anaemia (Bernat,1983).

The mildest form of 1ron deficiency, depletion of
1ron stores, 1s characterized by the absence of storage
iron. No other abnormalities are identifiable. The second
stage, 1latent 1ron deficiency, 1s characterized by
reduced serum 1ron concentration, elevated transferrin
concentration, and a resultant drop in transferrin iron
saturation to 1less than 15% (Bainton & Finch,1964).
Concomitantly, haemoglobin synthesis is* impalired by lack
of iron, causing erythrocyte protoporphyrin concentration

to rise to more than 70pg/dl (Langer et al.,1972).

However, 1n this stage of iron deficiency, cilrculating Hb

concentrations remain within the normal range (Garby et

al.,1969). Overt 1iron deficiency, the third stage, 1is
triggered when the residual Hb syntheslis contributes to a
measurable decrease 1in the concentration of circulating

Hb or in the volume of packed erythrocytes.

Oral 1ron therapy 1s based on extensive studies
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undertaken by Brise & Hallberg (1962) which compared the
absorption from a variety of ferrous and ferric compounds
with absorption from a standard preparation of ferrous
sulphate using a double isotope technigue. The majority
of patients responded to simple oral i1ron medication. In
general they found that ferrous sulphate ranked among the
best 1ron compounds from the point of view of absorption.
Although serious side effects with oral iron treatment
are rarely encountered, there are sufficient indications,
such as malabsorption or i1ron losses, to have resulted 1n
the design of parenteral saccharated 1ron oxides. The
first attempts at parenteral irﬁn medication date back to
the end of the nineteenth century, but the general and
local side effects of the preparations rendered them
unacceptable and 1t was not until 1947 when Nissim
introduced a saccharated oxide of i1ron that a useful and
safe preparation for parenteral use was found
(Nissim,1947). Later 1ron dextran and 1iron sorbitol
citrate were introduced. However, even with these
preparations patients do not always escape side-effects.
Reported are symptoms such as headaches and flushing
(Fielding,1961; Newcombe,1967), fever, athralgia and
lymhadenopathy (McCardy,1965).

1.6.1 Iron dextran (Fe/dex)

T e

A few side-effects which are observed and which
appear to be batch related still remain unaccounted for.

These include anaphylactic responses (Hamstra et
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al.,1980), exacerbation of rheumatoid arthritis (Reddv &

Lewl1s,1969) and delayed athralgia and myalgia (Mittal et

al.,1969). Some properties of Fe/dex were investigated in
this thesis. Generally, however, 1ts toxicity 1s
comparatively low and thus 1t remains the safest iron
preparation avallable for parenteral administration
(Freed, 1982).

Since Fe/dex has a high molecular weight, very
little 1f any, of the complex is likely to enter the
caplllaries directly, and evidence 1indicates that 1t 1is

absorbed via the lymphatics (Beresford et al.,1957). In

response to tissue reactive absorption, diffusion 1is
complete after 72 hours (Goldberg,1958). In experimental
animals after Total Dose Infusion (TDI) of Fe/dex there
was no evidence of saturation of 1ron binding capacity
even when plasma 1ron values were greater than

1000ug/100ml (Cox et al.,1968). It has been suggested

that the iron in the dextran does not ‘easily dissociate
from the dextran in the serum and thus the i1ron binding

capacity remains unsaturated (Cox et al.,1965) with

consequent low toxXicity. This 1s 1n contrast to iron-
sorbitol-citrate which 1s assumed to saturate or even
exceed 1ron binding capacity wlith consequent high
toxicity (Scott,1962). In the reticuloendothelial system
iron 1s rapidly separated from the dextran, bound to
transferrin or stored 1in ferritin or haemosiderin.

Kanakakorn et al. (1973) found that about 40% of a dose

.




of 1ntraveneously injected iron into the circulation was

bound to transferrin 11 hours later.

1.7 Iron overload and treatment

In 1ron overload the amounts of both ferritin and
haemosiderin become the predominant forms of iron (Selden

et al.,1980). The excess 1ron 1s thought to catalyze

peroxidation of the lysosomal membranes,thus allowing the
lysosomal enzymes to leak into the cell causing further

damage (Pierre et al.,1987). In serious cases where

organs, containing dgrossly excessive amounts of storage
iron, show pathological evidence of damage, usually
fibrosis, the condition 1s referred to as
haemachromatosis.

Iron poilisoning has been fregquently treated with

desferrioxamine (DFO) and in chronic cases may have to be

used for several years. It 1s regarded as a relataively
safe drug for treating 1ron overload 1n patients
receilving regular blood transfusions for chronic

refractory anaemia. Children with RB-thalassaemia major 1n
Britain were first given DFO i1n 1962 and 1t appears to
have been successful 1n prolonging their 1life-span

(Modell et al.,1982). Both DFO and 1ts complex
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(ferrioxamine) are rapidly excreted, mainly in urine but
also in bile. However, 1large doses of DFO are required
and it can not be given by mouth. The application of this
metal—qhelating drug 1s also fraught with difficulties.

Side effects, affecting the sensory neurons, have already
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been reported, many of which are severe (Blake,1985).

In a recent study by Barankiewicz (1987) DFO has
been shown to 1inhibit ribonuclease reductase (an 1ron
requiring enzyme) activity and as a consequence depletion
of deoxyribonucleotides for DNA synthesis. Detailled
studies on the effect of DFO on cell <cycle showed that
DFO acts as a reversible S phase inhibitor
(Ledermann,1984). This effect has also been noted for a
number of other hydroxamic acid derivatives 1incuding

salicyl—-, octano-, decano-, dodecano hydroxamic acid and
rhodotorulic acid. These effects have been turned to an

advantage in the consideration of this antaiproliferative

activity agalnst leukemic cells (Ganeshagura et
al.,1980).

As a tool in mechanistic free radical
biochemistry, the drug may not only act as an 1ron

chelator but may also scavenge free radicals directly. In

particular it reacts rapidly with HO: (K= 1010 M-1g-1;
Hoe et al.,1982; Willson,1982) as, well as O2--
(Sinaceur,1983,1984). Some of these effects are described

in this thesis.

The high expense and 1nconvenlience of subcutaneous
administration of DFO has led to the search of
alternative iron chelators and recently Kontoghiorghes
(1987) has introduced new compounds, the 2—
hydroxxpyridine N-oxide derivatives, which resemble an

aromatic hydroxamate and which have proved successful 1in




causing 39 Fe excretion @ comparable to that of

intraperitoneally administered DFO.

Other chelating agents have also been used in the
past, such as EDTA and DTPA, given parenterally (Smith et
al.,1969), but these are not specific to iron. Both are

e S

studied 1n this thesis.

1.8 Basic physical, chemical and biochemical properties

of iron

Iron, 1n the form of various combined ores, is one
of the most common elements, constituting 5% of the
earth's crust. It 1s the fourth most abundant element,
only Oz, silicon and aluminium are more common. Pure

metallic i1ron 1s rare 1n nature: 1t i1is bluish white and

strongly magnetic. It 1s unstable, being di-,tri-, or
occasionally hexavalent. Its atomic number i1s 26 with an
atomic weight of 52-61. Thus the nucleus contains 26

protons and 26-35 neutrons. The four stable iron isotopes
have an atomic weaight of 54,56,57 and 59 giving an atomic
weight of the naturally occurring 1iron,of 55.847. Around
the atomic atomic nucleus of the ilron 2+8+14+2=26
electrons circulate 1n 4 "shells" (Nicholls,1973).

Iron derivatives may be divalent ferrous compounds
eg, FeSOs4, trivalent ferric compounds eg, Fez (S0O4)3 or
complex iron compounds eg, K4 [{Fe(CN)e], in which iron is
part of a complex anion (Bernat,1983).

In solution 1ron exists as Fe(II) or Fel(III) or as

inorganic or organic ferrous or ferric complexes. It also
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can be found in small quantities as a stable c¢olloid or
hydrosol, most commonly constituting small dispersed
particles of ferric oxvhydroxide. 1Its composition is
approximated by the formula Fe(OH)s. This hydrolysis
results 1n the formation of polynuclear hydroxide
complexes which are biologically wunavaililable. Further
factors which 1nfluence the redox equilibrium of 1ron 1in
solution 1nclude oxygen tension, 1ionic composition and
the presence of ligands which can form complexes with
iron 1n one or the other principal oxidation states
(Aisen,1977). The latter phenomenon 1s 1nvestigated 1in
this thesis.

Because of the hydrolytic tendencies of ferric

iron, the egquilibrium concentration of Fe(III) 1n a
physiological medium 1s usually too low to allow
involvement of (hexaaqguo) Fe(III) in biochemical
reactions, including those of 1ron transport, at

appreciable rates. Redox reactions, releasing iron as the

relatively water—-soluble Fe(II) may therefore be
important in overcoming this kinetic barrier. Nature has
been able to devise iron proteins with reduction

potentials ranging from +350mV (the high potential 1ron-
sulphur proteins or 1n the range of the strongest
biological oxidants) to -500mV 1n other iron-sulphur

proteins, making the reduced form a better reductant than

hyvdrogen (Aisen,1977).
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1.8.1 Autoxidation of Fe(II)

In a physiological milieu the simple equilibrium of

10 for:

2 + + 3 +
dFe (ag) + O2 + 4H ——P. dF e (ag) + 2H20 (1)
cannot apply. As the ©pH rises above 2, hydrolytic
reactions predominate and the Fe3t (ag) specles becomes

virtually nonexistent. Goto etal., (1970) have described

. —min - sl

the rate by:

d[{Fe2+ ]
- . = Ko ((Fe2t*] [0O2] [OH-]2)
dt

where Ko is the overall equilibrium constant of the
reaction. The eqguation has been subsequently attributed
to a complicated and poorly understood sequence of events

»

including the following reactions:

Fez+ + OH- L (FeOH)'! (2)
Oz + OH- Tx (020H)- (3)
(FeOH)* + (020H)- > Fe(OH)z* + Oz-- (4)
(Aisen,1977)

The existence of the hydroxylated oxygen molecule, 020H-,

as well as the iron(II) monohydroxide complex 1s assumed
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to explain the quadratic dependence of the reaction rate

on OH- concentration.

1.8.2 Hydrolysis of Fe(III)

The hydrolysis of Fel* can be described by:

Fe(III) + 30H- — Fe(OH)aV (5)

for which the solubility product (log Ksp) is about 38.
From this 1t can be calculated that the equilibrium
concentration of Fe(III) at the pH of blood of 7.4 cannot
exceed 10-18M, Some 5 x 10-4 mol of iron are reported to
turn over each day by the normal human subject and thus
the need for a carrier molecule 1s evident. Measurements
of the stability constant of Fe(III)-transferrin complex
imply that the concentration of free Fe(III) ions in
egquilibrium with transferrin i1n blood 1s only abou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>